Abstract| In this paper we presentatwo-dimensional kinetic model for low-pressure inductively coupled discharges. The kinetic treatment of the plasma electrons is based on a hybrid kinetic scheme in which the range of electron energies is divided into two subdomains: In the low energy range the electron distribution function is determined from the traditional nonlocal approximation. In the high energy part the complete spatially dependent Boltzmann equation is solved. The scheme provides computational e ciency and enables inclusion of electron-electron collisions which are important in low-pressure high-density plasmas. The self-consistent scheme is complemented byatwo-dimensional uid model for the ions and the solution of the complex wave equation for the RF electric eld. Results of this model are compared to experimental results. Good agreement in terms of plasma density and potential pro les is observed. In particular, the model is capable of reproducing the transition from on-axis to o -axis peaked density pro les as observed in experiments which underlines the signi cantimprovements compared to models purely based on the traditional nonlocal approximation.
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I. INTRODUCTION
I N recentyears the design cycle for semiconductor manufacturing equipment has shortened to about 18 months. The ever shorter period of developmentandthe need for cost-e ective design of new plasma processing tools has created demand for e cient, engineering-type plasma modeling. Plasma models which can be used as predictivetools for discharge design have to be both comprehensive and computationally e cient. Models have to provide an accurate description of charged and neutral species production and transport, RF and DC electric eld pro les, as well as plasma{substrate interaction. A model useful for engineering design has to be capable of addressing two-dimensional [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] or even three-dimensional 11] discharge geometries. A further requirement for engineering discharge models is that they should be executable on workstation type computers in \reasonable" CPU times of the order of some minutes to a few hours.
One of the most computer-intensive problems in discharge modeling is the description of the plasma electrons. On the one hand an accurate knowledge of the electron distribution function (EDF) is required for a meaningful treatment of the electron-induced plasma-chemistry and the charged particle transport. On the other hand, the computation of the electron distribution function presents the problem with the highest dimensionality in the plasma model: The fact that the EDF in typical low pressure proUwe Kortshagen and Brian Heil are with the Universityo fM i nnesota, Departmento fM e c hanical Engineering, 111 Church Street S.E., Minneapolis, MN 55455, U.S.A. cessing plasmas signi cantly deviates from a Maxwellian distribution and that many heating mechanisms related to anomalous skin e ect 12, 13] and stochastic heating 7, [14] [15] [16] are kinetic in nature requires a kinetic, i.e. energyresolved, treatment of the EDF. This adds another dimension, \the energy dimension," to the spatial complexityof the problem. Currently, most modeling approaches try to circumvent this problem byusinga uidapproachtodescribe the plasma electrons [1] [2] [3] [4] 6, [8] [9] [10] [11] . However, in particular, in the case of low pressure high densitydischarges which operate in a pressure range of only 1-2 Pathetypical electron mean free path can be of the order of the discharge dimensions thus making a uid approach highly questionable.
Several years ago the \nonlocal approximation" (NLA) attracted considerable attention as an approximation which enables computationally e cient kinetic treatment of the electron. The NLA was originally developed byBernstein and Holstein 17] and Tsendin 18] . Within the past few years it has been successfully applied to the modeling of low pressure glow discharges 14, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . The basic idea of the NLA is to describe the EDF in terms of the total energy of electrons (kinetic plus potential energy in the ambipolar space charge eld). A consideration of the different time scales for spatial motion of the electrons in the discharge and of their \motion" in total energy space leads to the conclusion that (a) the EDF can be considered as a spatially uniform function of total energy, and (b) that this function can be computed from a spatially averaged form of the Boltzmann equation whichisaone-dimensional ordinary di erential equation. The spatially resolved EDF of kinetic energy is then determined using a \generalized Boltzmann relation" for non-Maxwellian EDF's. The applicability of the NLA is determined by the so called energy relaxation length " of the electrons. If " is large compared to typical discharge dimensions the NLA provides an accurate description of the electron kinetics. For more details on the NLA the reader is referred to the reviews 5, 36] .
For modern plasma processing tools, however, large scale plasma uniformity if of increasing importance. Future plasma tools will have to provide plasma conditions uniform to within a few percentover areas of 300 mm or 450 mm in diameter. Even larger uniform plasmas are needed for the processing of at panel displays. For such large scale discharges the traditional NLA will be applicable only at extremely low pressure whichmay not be of practical interest in actual production processes. Moreover, the fact that the EDF within the applicable range of the traditional NLA is determined only by spatial averages of the RF electric eld is undesirable since it limits the e ectiveness of tailoring the RF eld con guration in order to obtain the desired plasma density pro le. Hence, for a number of reasons one can conclude that the modern discharge tools are explicitly designed to operate in a regime in which the traditional NLA is no longer strictly applicable. For this regime, in whichslight to modest deviations from the fully nonlocal behavior of the EDF persist, an extended approach has been proposed by Kolobov and Hitchon 25] . For reasons which will become obvious in the following section we will refer to this approach as the \hybrid approach." Wehave developed a fully self-consistent, two-dimensional, kinetic plasma model based on this \hybrid approach." While still preserving most of the computational e ciency of the traditional NLA, our model is physically more appropriate for the modeling of large-scale low-pressure high-density discharges than models based on the traditional NLA. The model is capable of describing features observed in actual experiments which could not be predicted within the framework of the traditional NLA.
This paper is organized as follows: In the next section we give a brief outline of the kinetic plasma model for the lowpressure ICP based on the \hybrid kinetic model." Since we will verify the capabilities of our model by comparisons to an actual experiment, we will give a brief description of the experiment used in section III. In section IV we present results of our models and a critical comparison to experimental results. Conclusions are presented in the last section of the paper.
II. THE HYBRID 2D-KINETIC MODEL OF THE

ICP
The plasma model presented in this section mainly consists of three modules which are coupled in an iterativenumerical scheme to achieve a self-consistent plasma description. The model addresses an inductively coupled plasma (ICP) at low pressure. We assume that the plasma can be considered azimuthally symmetric so that the model can be formulated in two spatial dimensions for the radius r and the height z. The electron kinetics is treated in terms of the \hybrid approach." For the ions a simple uid model is used. The model is complemented byanelectromagnetic module for the determination of the RF induced electric eld.
A. The hybrid kinetic model The hybrid kinetic approach is based on the solution of the electron Boltzmann equation. We make the standard assumptions that the two-term expansion of the EDF into spherical harmonics 37] and the e ective eld approximation 38, 39] are applicable. In this case the main part of the distribution function F 0 will be isotropic in velocity space and stationary. Temporal uctuations are limited to higher order terms in the spherical harmonics expansion. Wechose a formulation in total electron energy in volts " = m e v 2 2e ; (r z) (1) with m e is the electron mass, e the elementary charge, v the electron velocity, and (r z) the stationary ambipolar 
The sum is extended over all ionization processes k. The k ion are the respective ionization frequencies, and u k ion the respective ionization thresholds. For both ionization as well as excitation only processes involving gas atoms or molecules in the ground state are considered here. The inclusion of collisions with excited atoms or molecules would require a collisional-radiative model to determine the concentration of excited species whichisbeyond the scope of the current study. The elastic collision term reads
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In principle, the kinetic equation (2) can be solved numerically. In our case of a two-dimensional geometry in r and z Eq. (2) is a three-dimensional partial di erential equation. However, there are two aspects which highly complicate the e cientnumerical solution of this equation: (a) The Fokker-Planck term (6) introduces a non-linearity into the problem and (b) the domain of integration is irregular with a curved boundary at the space-charge potential (r z)which constitutes the minimal total energy at each position (r z), i. e. u(r z) = 0, see Fig. 1 .
It is worthwhile to consider some physical arguments on how to solve Eq. (2) by approximation. As mentioned above, the solution of Eq. (2) can be highly simpli ed if the NLA is applicable by solving a spatially averaged kinetic equation which is only an ordinary di erential equation. This approximation is justi ed if the energy relaxation length " is large compared to the discharge dimensions over the entire energy range of interest for the EDF.
If wemove to larger discharges and/or higher pressures this argumentmay not be ful lled for the entire energy range but it may still hold at least for part of it. The energy relaxation length strongly depends on the type of collisions which can occur at a given energy: " = ( q Ma   2me for elastic collisions, p for inelastic collisions.
In the energy range in which only elastic collisions are possible " exceeds the electron mean free path by the square root of the mass ratio M a =m e whichisanumber of the order of 100. The reason for this is that the energy loss of electrons in elastic collisions is very small. Supposedly, vibrational and rotational excitation collisions behave similarly as elastic collisions due to the relatively small energy loss for the electrons involved in these processes. However, this topic has not been studied in the literature up to now. In electron excitation \inelastic" collisions the energy loss is of the order of the entire kinetic energy and the energy relaxation is much faster. The energy relaxation length in this range is thus much shorter and it scales with the mean free path for inelastic collisions . The idea of the \hy-brid approach" is to make use of this physical division of the electron energy range into two parts and to treat these two parts with di erent approximations to solve the kinetic equation (2) (see Figure 1 ):
1. The low energy \elastic range" with " less than the smallest excitation threshold energy u :
In this range " at pressures of a few Pa is of the order of several meter. The EDF can be considered fully nonlocal, meaning that the EDF is a spatially uniform function of total energy. It can be determined within the traditional NLA solving only a spatially averaged kinetic equation which is an ordinary differential equation. In this case it is easy to include Coulomb collisions, as discussed in more detail below, which is mandatory for high-density plasmas.
2. The high energy \inelastic range" with " greater than the smallest excitation threshold energy u :
In this energy range " will be smaller than the typical discharge dimensions so that the full kinetic equation (2) has to be solved. However, the domain of integration for this energy range is typically regular with straight boundaries. Also, for not too high degrees of ionization it can be justi ed to neglect Coulomb collisions as discussed below. This allows us to treat the full kinetic equation (2) as a linear equation which strongly simpli es its solution. The inclusion of Coulomb collisions requires some discussion. The in uence of Coulomb collisions on the EDF is di erent for the \elastic" and the \inelastic" energy range of the EDF for two reasons: The Coulomb cross sections scales with 1/u 2 which makes it particularly e ectiveatlow kinetic energies. Also, in the \elastic" range Coulombcollisions have to compete only with energy-conserving, elastic collisions. In the \inelastic" range the EDF formation is dominated by inelastic collisions which strongly change the energy of the colliding electron. Numerical studies 42] of the e ect of Coulomb collisions showed that modi cations of the low energy part of the EDF can be observed for degrees of ionization as low as 10 ;6 or even smaller. In the \inelastic" range Coulomb collisions start to a ect the EDF formation at degrees of ionization larger than 10 ;4 . For this reason, wechoose to include Coulomb collisions in the treatment of the \elastic" range using the traditional NLA, but we neglect Coulomb collisions in the \inelastic" range. This approximation limits the applicability to degrees of ionization not much larger than 10 ;4 . While this condition is ful lled in the comparison to our experiments presented below, we realize the need for a more consistent inclusion of Coulomb collisions in future work. Wealsowant to point out that the main reason for using the \hybrid approach" is to e ciently obtain more accurate ionization pro les, which allow the study of plasma uniformity,thanwould be possible with the traditional nonlocal approach. The \hybrid approach" is much more e cient and simpler to implement than the numerical solution of the full kinetic equation (2) . It also seems physically more appropriate than solving the complete kinetic equation (2) over the entire energy range but neglecting Coulombcollisions. However, one has to realize that some physical informationislostby using the traditional NLA for the low energy part of the EDF. In particular, information about the electron uxes is not directly accessible. If this information is required one either has to resort to solving the full equation (2) or to calculating the rst order correction of the traditional NLA whichwould yield information about the electron ux 43]. However, this is not the focus of the current paper. Figure 2 shows experimental results obtained in our experiment (for details see below) which strongly support the assumptions made above. The gure shows two EDF's in argon measured at di erent positions in the discharge. It is clearly seen that both EDF's plotted as functions of the total energy coincide very well at low energies proving the spatial uniformity of the EDF, i.e., the applicabilityofthe NLA for the low energy part of the EDF. At energies above the rst excitation threshold u of argon at 11.55 eV the EDF's start to diverge and to exhibit a spatial nonuniformity. The EDF at the position of the highest plasma potential was measured close to the induction coil in a region of high RF eld. It thus shows a higher population of the high energy part than the second EDF which was measured on the axis of the discharge where the RF eld is close to zero. Exactly the same hybrid behavior has been observed in 44] in a capacitive discharge.
Our practical implementation of the hybrid model uses the following scheme. For the low energy part the EDF is determined using the traditional NLA. The spatially averaged form of Eq. (2) 
where C 0 (F 0 0 ) is the collision operator including the FokkerPlanck operator. The overlined quantities representaverages performed over the part of the volume V ac whichcan be accessed by electrons with a given total energy,i.e. for which " ; (r z). This means the average of a quantity G is de ned as (12) Here V 0 represents the total volume of the discharge. The accessible volume V ac is de ned by: u(r z) 0 or " ; (r z) 8(r z)inV ac : (13) The boundary of V ac is thus given by u(boundary) = 0 (see Fig. 1 ). The concrete form of the averaged coecients can be found in 29] . The computation of the spatial averages requires the knowledge of the space charge potential (r z) and the RF electric eld E(r z). Initially, guessed pro les for these quantities are used whicharesuccessively improved in an iterativescheme. Equation (11) is solved for the entire energy range considered, i.e., the \elas-tic" and the \inelastic" range. This is necessary since the evaluation of the Coulomb collisions operator also requires knowledge of the high energy part of the EDF. The boundary conditions for equation (11) are: dF 0 0 =d"j "=0 = 0, and F 0 0 (" 1 ) = 0, where " 1 is the maximum energy considered. Wetypically solve equation (11) on a grid with 1000 node points and " 1 =35:::50 eV. After having found F 0 0 over the entire energy range only the part with " u is used further.
For the high energy part of the EDF (">u ) the complete kinetic equation (2) is solved using successive overrelaxation (SOR). The boundary conditions for this equation have essentially been described by Busch and Kortshagen 45]. Brie y:
1. boundary at r =0: @F 0 =@r =0. 2. the three \wall boundaries" at z =0,z = H (plasma height), r = R (plasma radius):
for energies " less than the potential energy at the wall, 
with sh the potential at the sheath boundary. Condition (14) basically states that the fraction of the thermal ux of electrons scattered into the loss cone, which leads to loss of electrons to the wall (left hand side), has to be balanced by spatial ux towards this position (right hand side). In our model we assume nonconducting walls. The wall potential is found from the requirement of locally balanced electron ux (left hand side of Eq. (14) integrated over energy) with ion ux which is found from the ion uid model discussed below 32].Also the potential at the sheath boundary is found from this model. While Eq. (15) is certainly an approximation which relies on the somewhat arbitrary de nition of a sheath boundary, it has been proven useful and accurate in comparison with Monte Carlo calculations of the EDF 46]. Since we expect only slight deviations from the fully nonlocal EDF, we use the nonlocal EDF F 0 0 as a starting point for the iterative solution. Equation (2) is then solved in three dimensions | radial and axial direction as well as total energy on a mesh of 32x32x50 points, respectively.
In particular, the discretization in energy with " = 0:5 eV appears relatively coarse. However, wehave tested more accurate discretizations with " =0:2eVand125points in energy directions without having found signi cantchanges in the results. In our practical implementation of the hybrid model we divide the energy range not exactly at u but at the slightly lower energy of 11.0 eV. As an approximation to simplify the numerical treatmentwecurrently consider the coe cients v 3 = m and v 3 = m E 2 eff (r z)asslowly varying in coordinate and energy space, respectively, so that their derivatives can be neglected compared to those of @F 0 =@r and @F 0 =@". We will relax this assumption in the future. The EDF F 0 determined from this model is used to compute the spatial pro le of the ionization frequency.
Since the vast majority of the electrons at any time is found in the elastic energy range which is described bythe nonlocal EDF, we use the \generalized Boltzmann relation" between electron density and ambipolar potential known from the traditional NLA The space charge potential in the plasma is found from a uid model for the ions. For a high-density plasma the assumption of a quasineutral plasma bulk is well ful lled. If one limits the consideration to the description of the quasineutral plasma bulk up to the sheath boundary, the solution of the Poisson equation may be avoided and be replaced by using the quasineutrality conditions n i = n e = n. For pressures of a few Pa and discharge dimensions of several tens of centimeters, the ion motion is usually collision-dominated. Thus, assuming mobility{limited ion motion the ion momentum and continuity equation can be combined to ;r n(r z)b i (jr (r z)j)r (r z)] = n(r z) i (r z) (17) where b i denotes the eld{dependent ion mobility (cf. zero boundary conditions can be used at these boundaries. On axis (r = 0) the azimuthal eld is also zero. Both equations (17) and (18) are solved on a 64x64 mesh in radial and axial direction using a multigrid solver 48].
The iterative numerical scheme used to nd a selfconsistent solution of this set of equations has been described in great detail in Ref. 29] . We present only a brief sketch of this scheme: The computation starts with a rather unsophisticated guess for the plasma density pro le: a Bessel function variation in radial and a cosine pro le in axial direction. We simply use a at potential pro le (r z) = 0 as initial guess for the potential. (We use this starting potential, since we do not want to bias the algorithm to converge to a certain solution. Even though we have not observed multiple solutions also using other starting potentials, the existence of other solutions seems at least to be possible. Multiple solutions might manifest in actual experiments as mode transitions or jumps between di erent plasma density pro les.) Using the initial plasma density pro le we nd the RF electric eld pro le by solving equation (18) assuming a cold-plasma Lorentz conductivity. A selfconsistent set of EDF, potential, and RF eld pro le is found in an iterativescheme which uses three nested loops: In the innermost loop the EDF is determined by solving the \hybrid" model for a given coil current. Here, the SOR scheme to solve equation (2) is iterated until the relativechange in the ionization frequency between two successive iterations at the middle of the r-z plane is less than 10 ;6 . Then the complete ionization prole is calculated. The potential pro le resulting from this ionization pro le is found from Eq. (17) . The purpose of the innermost loop to adjust the coil current such that the Bohm criterion is ful lled at the sheath boundary. Once this is achieved, the resulting potential replaces the initial potential pro le in the next-outer loop. The loop of updating the potential is repeated until the sum over the squared changes between two successivepotentials taken at all 4096 potential nodes is less than 1.0. Finally, if a self-consistent potential pro le has been found the RF eld pro le is iterated in the outermost loop using the same convergence criterion as for the potential pro les.
The use of the various approximations described above enables a very e cient modeling of the discharge. Typical computation times for a given set of parameters are of the order of afewminutes up to 20 minutes on a Pentium II class computer.
III. Experimental Setup
Since the emphasis of this paper is on the plasma model the experiment is only brie y described. The measurements have been performed in an inductively coupled plasma which is sustained in a Pyrex chamberwith14cm i.d. The top wall of the chamberisa at2.2cmthickPyrex plate. The bottom plate is a grounded, movable sheet metal which enables the use of various discharge heights. In this study the heightwas set to 7cm. Apunched hole pattern in the metal plate allows pumping with a 1000 liter/s turbo pump as well as inlet of argon gas. The plasma is produced using a at one-turn induction coil with an inner radius of 11 cm and an outer radius of 13 cm. The coil is Faraday shielded to eliminate electrostatic coupling to the plasmas.
A Langmuir probe with 5 mm length and 0.125 mm diameter is introduced into the discharge through a radial slit in the bottom plate. A r{z probe manipulator enables computer-controlled two-dimensional positioning of the probe in the discharge. In this study the probe was moved in an area of r=0{12 cm (from axis) and z=1{5cm (from bottom plate) with a resolution of 1 cm in eachdirection. At each position 10000 probe characteristics were sampled and averaged with a fast 16 bit A/D card. The EDF is obtained using the Druyvesteyn formula 49] and absolute units. Integration of the EDF over energy yields the electron density 50]. Results previously obtained with this experimenthave been reported in 51].
IV. Results
Before discussing results of our model wewant to point out that our measurements in Fig. 2 clearly demonstrate the non-Maxwellian character of the EDF and that they underline the importance of a kinetic treatment of the electrons.
In Fig. 3 we present a comparison of measured and calculated electron density pro les at pressures of 0.67, 1.3 and 2.6 Pa (5, 10, and 20 mTorr). Atthelowest pressure the measurements show an almost uniform density pro le over the range accessible to our Langmuir probe. While even at this low pressure a slight o -axis maximum of the density is observed, the overall variation of the density between the axis and the position of the maximum is less than 15%. With increasing pressure the experimental pro les become more nonuniform and the position of the density maximum shifts to slightly larger radii. At1.3Pathevariation between the maximum and the on-axis density is about 25%, at 2.6 Pa it is already a factor of more than 2. The results of our model re ect the general trend reasonably well. The model produces slightly more uniform density pro les at 0.67 Pa and 1.3 Pa. While the calculated pro le at 0.67 Pa peaks on axis, a slight shift of the maximum from the axis is observed at 1.3 Pa. The overall variation of the density over the range accessible to the Langmuir probe is about the same as observed in the measurements. The best agreementbetween model and measurements is found at the highest pressure of 2.6 Pa for which a purely nonlocal model would work the worst. Both the position of the density maximum as well as the variation of the densitybetween maximum and on-axis position is almost identical.
The observation from Fig. 3 deserves some interpretation. At the lowest pressure of 0.67 Pa our model almost yields the same results as a model based on the traditional NLA 29] . In particular, the classical NLA tends to always produce on-axis maximum density pro les. An estimate of the energy relaxation length at 0.67 Pa shows that " > 16 cm up to energies of about 20 eV. This estimate shows that the results of our model whichshow nonlocal behavior are at least not unreasonable. However, one should keep in mind that the energy relaxation length describes only deviations of the EDF from the nonlocal case due to the action of collisions but not due to the electric eld 5]. At 0.67 Pa our calculation yields electric eld strengths of up to 0.7 V/cm in the plasma in which the electron mean free path is of the order of 10 cm. The electric eld in principle could cause deviations from the nonlocal EDF as discussed in 5]. However, this e ect should be accounted for in the hybrid approach. On the other hand, it is possible that the RF electric eld causes a considerable anisotropy of the EDF so that the two-term approximation used in our calculations is no longer accurate. This e ect has to be studied in the future. Of course, it is also possible that these deviations between experiment and measurementare simply caused by some inaccuracies resulting from the various approximations used in our model. In discussing these details, however, one should keepinmindthattheagreementbetween our model and the experiment is rather reasonable. It should also be pointed out that the hybrid model presents a signi cantadvance over models based on the traditional NLA since it is capable of describing the shift of the density maximum to an o -axis position with increasing pressure. As mentioned above, a model based on the traditional NLA would typically always produce on-axis maxima of the density pro le. 16 .85 V (model) at 2.6 Pa. Again, the best agreementbetween experiment and model is found at the highest pressure of 2.6 Pa. The pro les of the potential mainly re ect the electron density pro les since electron density and potential are related to each other by the generalized Boltzmann relation (16) . Hence, the pro le at 0.67 Paalso is centered on-axis and the maximum shifts to an o -axis position with increasing pressure.
The experimental and calculated pro les of the mean kinetic energy of the EDF's are plotted in Fig. 5 . Experiment and model show the same trend of an increasing mean kinetic energy towards the region of high RF electric eld. The general trend of a slight increase of the mean energy if moving away from the position of the maximum plasma potential can be explained with a \nonlocal" cutting of the low energy part of the EDF which has a slightly lower \temperature" than the part of the EDF between 5-10 eV (compare Fig. 2 ). The biggest discrepancy between model and experiment is found at 0.67 Paforwhich the experimental mean energies are about 20% higher than the calculated values. The best agreement is again found at 2.0 Pa. It has to be noted that we estimate the error in the measured mean energies to be about 10% due to the limited number of current-voltage points recorded and the inaccuracy involved in the integration of the EDF. Figure 6 gives a comparison of contour plots of experimental and calculated EDF's at a given total energy of 17 eV. The experimental and theoretical results for the lowest pressure of 0.67 Pa showthatthe EDF is still basically nonlocal, i.e. spatially uniform in terms of total energy. However, the deviations from nonlocality are obviously large enough to cause the o -axis density maximum at 0.67 Pa. The exact pro le, in particular, of the measured EDF should not byoverinterpreted, since the overall variation of the EDF over the accessible range of the Langmuir probe is only about 10% at this pressure which is certainly within the experimental errors of the EDF measurement. At higher pressures of 1.3 Paand2.6Pa the EDF's demonstrate increasing deviations from the nonlocal EDF with an increase of the EDF towards the region of the highest electric eld. The overall variations of the EDF's observed in the experiment and in the model are very similar. Figure 7 shows the computational results for the ionization frequency pro les. Atthelowest pressure the ionization frequency is rather uniform across the discharge cross section which is consistent with the mostly nonlocal behavior of the computed EDF. With increasing pressure the ionization is more and more concentrated in regions of high plasma potential close to the position of the coil. Most likely a small positive feedback enhances the ionization at the plasma potential maximum: The plasma potential maximum o -axis is a consequence of the ionization starting to become localized in regions of high electric elds. However, once the plasma potential maximum has shifted to an o -axis position it becomes at least in part self-sustaining since the electrons gain kinetic energy when approaching the plasma potential maximum which enhances the ionization at this position.
V. Conclusions
In the present paper wehave presented an e cient, twodimensional kinetic model based on a hybrid kinetic approach to the solution of the Boltzmann equation. In this approach the domain of integration of the Boltzmann equation is divided into two subdomains: The low energy \elas-tic" range is treated within the traditional nonlocal approximation. The high energy inelastic range is treated by solving the complete kinetic equation derived from the Boltzmann equation as a partial di erential equation in two space dimensions and in total energy. Coulomb collisions are taken into account for the low energy, nonlocal part of the EDF in which these collisions are e ective since they compete only with \weak" elastic collisions. In the high energy part Coulomb collisions are neglected since the Coulomb cross section is smaller and the Coulombcollisions compete with \strong" inelastic collisions 42]. This approach o ers two main advantages: (a) The high energy domain, in which the complete kinetic equation is integrated, typically has a regular shape which simpli es the numerical formulation, and (b) the nonlinearityintroduced by Coulomb collisions can be avoided in the treatmentof the full, multi-dimensional kinetic equation. It is only included in the much simpler problem of solving the nonlocal kinetic equation which is one-dimensional. The use of the hybrid model and of other physically motivated approximations enables great computational e ciency of the model: Complete kinetic, self-consistent two-dimensional simulations can be performed in computation times of less than 20 minutes on Pentium II class computers. Its e ciency makes this model an interesting candidate for engineeringtype discharge calculations.
Comparisons of our model with an actual experiment showed reasonable agreement. The best agreement was typically found at the highest pressure considered, a pressure at which a model based on the traditional NLA for the given discharge dimensions would certainly fail. Our model proved well capable of describing e ects which are related to increasing deviations from a fully nonlocal EDF such as the shift of the maxima of plasma potential and plasma density to o -axis positions with increasing pressures. The model thus is de nitely an advance compared to models based on the traditional NLA whichwould not be able to describe these e ects.
As wehavepointed out the developmentofsuch a model is overdue due to the fact that modern large-scale plasma processing equipment is explicitly designed to operate in a regime with modest deviations from the nonlocality. Operation in this regime is mandatory in order to gain maximum control over plasma uniformity in the discharge. In conclusion, the hybrid kinetic model presented seems to be a promising approachtoachieve rapid, fully kinetic modeling of large-scale low-pressure discharges. Further e orts are needed to include Coulomb collisions more consistently and to study the e ect of collisionless heating. Brian G. Heil received the Bachelor of Physics Degree in 1993 from the Universityof Minnesota. He is currently working towards a M.S. in Mechanical Engineering at the University of Minnesota. After graduating in 1993 he was an Applications Engineer for the America X-ray Instrument Corporation (AXIC) in Santa Clara, CA. From 1996 to 1998, as a student, he performed research at the Honeywell Technology Center for several cold cathode and MEMS programs. His work at the University is in the area of diagnostics and modeling of low pressure inductively coupled plasmas.
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